ABSTRACT A compact shorted patch antenna with quasi-isotropic radiation pattern is proposed in this paper. The antenna consists of a radiating patch, a small ground plane that has the same dimensions with the top patch, and a metallic sidewall which connects the former two. A coaxial probe is used to feed the antenna and excite its fundamental TEM mode, whose magnetic field generates surface electric current on the shorted sidewall and electric field generates surface magnetic current on the open-ended aperture. Due to the inherent properties of the electric and magnetic fields, the corresponding currents are found not only perpendicular but also quadrature with each other, and, therefore, the patch antenna can provide a quasi-isotropic radiation pattern without involving complex feeding circuit. To verify the theory, a prototype operating at 2.4-GHz WLAN band was designed, fabricated, and measured. Reasonable agreement between the calculated, simulated, and measured results is obtained. It has been shown that the difference between the maximum and minimum radiation power densities is ∼2 dB over the entire spherical radiating surface, and the difference can be further reduced to ∼0.9 dB by using a lower profile.
I. INTRODUCTION
Due to the uniform and full coverage of signal, isotropic antennas are desirable in wireless access points (APs) and radio frequency identification (RFID) systems [1] - [8] . However, it has been indicated in [9] that an ideal isotropic antenna with absolutely uniform radiation and consistent polarization in every direction is impossible. As a result, quasi-isotropic antenna is considered in reality [1] - [8] . Generally, Quasiisotropic radiation can be achieved by arraying a circle of unidirectional antenna elements [1] , but this method involves bulky antenna configurations and complex feeding networks. Quasi-isotropic radiation can also be obtained by properly combining an electric dipole and an orthogonal magnetic dipole [2] - [5] . The former and latter provide omnidirectional radiation patterns in the H-and E-planes respectively, a three dimensional (3-D) quasi-isotropic pattern can therefore be realized when the two dipoles are fed by signals with quadrature phases and appropriate amplitudes (ηI e = ±jI m ) [2] . The complementary concept was first used by Long to design a quasi-isotropic antenna by combining a monopole and two slots [3] . However, since a large ground plane was used in the structure, quasi-isotropic coverage was obtained only in upper half-space. Later, a printed dipole and a pair of 1.4-turn printed loops (magnetic dipole) were combined to provide a full spatial coverage, with gain difference over the entire spherical radiating surface given by 3.8 dB [4] . Its radiation efficiency, however, is only 30.4% due to severe ohmic loss. Four sequential rotated L-shaped monopoles can also provide a gain difference less than 6 dB within full space [5] , but four way signals with equal amplitudes and quadrature phases of 0 • , 90 • , 180 • and 270 • are needed for exciting the monopoles and therefore a sequential-phase feeding network has to be included in the design. Recently, a quasi-isotropic dielectric resonate antenna (DRA) with small ground plane was proposed by the author and Leung [2] . The small ground plane functions simultaneously as an electric dipole, and it is combined with a magnetic dipole mode of the DRA to generate quasi-isotropic fields. The difference between the maximum and minimum radiation power densities is ∼5.6 dB.
Compared to the traditional patch antennas, quarter-wave shorted patch antenna that has a vertical shorting sidewall between the patch and ground plane shows advantages of smaller size [10] and wider bandwidth [11] . It has been used as an individual magnetic dipole and combined with an extra planar electric dipole to realize broadband [12] - [14] and circularly polarized (CP) antennas [15] , [16] . However, thus far, almost all shorted patch antennas were developed with unidirectional [12] - [15] or omnidirectional [16] patterns. In this paper, a shorted patch antenna with quasi-isotropic radiation patterns is designed based on the complementary concept. The required equivalent magnetic and electric dipoles for obtaining the uniform pattern are provided by the transverse electric and magnetic fields of its fundamental TEM mode. Due to the inherent 90 • phase difference between the electric and magnetic fields, the complementary patch antenna provides perfect isotropic coverage with gain deviation less than 2 dB over the entire spherical radiating surface. To the best of our knowledge, it is the most uniform pattern that can be obtained thus far from a singly fed antenna. For demonstration, a prototype operating at 2.4GHz has been fabricated and measured, with reasonable agreement between calculated, simulated and measured results obtained. To facilitate the design of the quasi-isotropic patch antenna, general design guidelines are summarized after a parametric study.
II. ANTENNA DESIGN
A. ANTENNA CONFIGURATION Fig. 1 shows configuration of the proposed quasi-isotropic patch antenna, which consists of a quarter-wave rectangular radiating patch, a small ground plane, and a metallic sidewall that connects the former two. It is important to note that the top patch and ground plane have same dimensions, with their length and width given by a and b, respectively. An air substrate with thickness of h is used between them to enhance the impedance bandwidth. For exciting the antenna, the inner conductor of a coaxial cable is soldered to the patch at a displacement of s from the sidewall, whereas the outer conductor is connected to the ground plane.
B. ANTENNA MECHANISM
To explain the operating principle of the proposed antenna, the resonant E and H -fields inside the patch cavity are investigated and shown in Fig. 2 . It can be seen that the E-field is mainly along the y axis, while the H -field is mainly along the x axis, indicating that it is the quasi-TEM mode. Therefore, the E-field can be expressed as [10] :
Then, by using the Maxwell equation of ∇ × E = −jωµ H [17] , the H -fields can be obtained as:
where η is the wave impedance of free space. The resonant frequency of the TEM mode is approximately given by [10] :
Assuming that the fields vanish outside the cavity, the surface electric currents on the metallic walls can be obtained by applying the boundary condition of n × H = J e [17] :
Similarly, the surface magnetic currents on the open-ended aperture can be obtained by using n × E = − J m [17] :
With reference to (4), the surface electric currents on the patch (y = h) and ground plane (y = 0) have same amplitudes but opposite directions. Their radiation can therefore cancel out each other when the dimensions of the ground plane and patch are comparable and the height h is much smaller than a wavelength. The same is true for the surface magnetic currents on the front (x = −b/2) and back (x = b/2) apertures. Consequently, the radiation characteristics of the shorted patch antenna can be analyzed by only considering the y-directed surface electric currents (dipole) on the shorted side-wall (z = −a/2) and the x-directed magnetic currents (dipole) on the open-ended aperture (z = a/2), as shown in Fig. 2 (d) . Since the electric and magnetic currents (dipoles) are perpendicular and decoupled to each other, the far fields of the complementary dipoles can be calculated by superimposing their individual counterparts [3] , [4] .
where F = ke jω[t−(r/c)] /(4πr). It can be deduced from (4) and (5) that the currents inherently satisfy the relation of ηJ e = −jJ m = J , and therefore the fields can be simplified to:
Accordingly, the total far field is given by Fig. 3 shows theoretical normalized 3D (E T ) pattern of the shorted patch antenna. With reference to Fig. 3 and formula (8), E T is independent of φ and it is only a function of θ. The difference between the maximum (θ = 0, π) and minimum (θ = π/2) radiation power densities is given by 3 dB, indicating that the radiation is quasi-isotropic within full space.
III. EXPERIMENT VERIFICATION
For validating the design, an isotropic shorted patch antenna covering the 2.4 GHz-WLAN band was designed, fabricated and measured. Fig. 4 shows a photograph of the prototype, which is fabricated from a U-shaped copper brick. The thickness of the copper plates is 1 mm, and the other parameters are given by a = 27 mm, b = 27 mm, h = 5.5 mm, s = 5 mm. As shown in the figure, the feeding coaxial cable is bent to be parallel with the patch. This is because it has been found in the measurement that if the cable is located perpendicularly to the patch antenna, the current that excited outside the cable will significantly affect the antenna performance due to the small ground plane. However, the influence becomes insignificant if the cable is placed parallelly. To further suppress stay radiation from the coaxial cable, a λ/4 choke (balun) is added to the outer conductor of the cable [2] . In this paper, the reflection coefficient and radiation performance (including radiation pattern, gain and efficiency) of the antenna are measured using an HP8510C network analyzer and a Satimo StarLab System, respectively. Fig. 5 shows simulated and measured reflection coefficients of the prototype, and good agreement between them is obtained. The simulated and measured resonant frequencies (min.|S 11 |) are given by 2.44 GHz and 2.45 GHz respectively, both are a bit lower than that (2.52 GHz) of the theoretical result. This discrepancy is partially caused by the loading effect of the feeding probe, and partially due to the fringe field effect which has not been taken into account in (3). The measured 10-dB impedance bandwidth (|S 11 | < −10dB) is 4.48% (2.40−2.51 GHz), comparable to that (∼5%) of a traditional patch antenna [18] . Fig. 6 shows calculated, simulated, and measured field patterns of the quasi-isotropic patch antenna in x-z and x-y planes. In each plane, the agreement between simulated and measured results is satisfactory, but there is a small discrepancy in the calculated pattern. This is reasonable since the above analysis is based on the assumption that the current distribution on side-walls is ideally uniform. It can be seen that the x-z plane pattern is near omnidirectional, whereas the x-y plane pattern contains two figure-8 patterns. The E θ and E φ figure-8 patterns are generated by the y-directed electric currents (dipole) and the x-directed magnetic currents (dipole), respectively. Like the quasi-isotropic DRA [2] , the polarization of the fields also changes with ϕ, being linearly polarized when ϕ = 0 To show more detail, Fig. 7 gives 3D pattern of the total field. Quite an isotropic pattern is observed both in the simulation and measurement, as expected. The differences between the maximum and minimum radiation power densities are given by 1.88 dB (simulation) and 1.95 dB (measurement), respectively. Compared with the theoretical pattern shown in Fig. 3 , the simulated and measured patterns become more uniform due to the real current distribution. Radiation patterns are found to be very stable across the entire operating band. Fig. 8 shows realized gains of the quasi-isotropic patch antenna at θ = 0 • , along with the efficiency. As can be observed from the figure, the gain and efficiency have similar trends, as expected. The measured gain varies between ∼0.64 dBi and ∼0.93 dBi within the WLAN-band, and the average efficiency is about 90%.
A comparison between the present design and other reported isotropic antennas is summarized in Table I . From the table, it can be concluded that the proposed isotropic patch antenna outperforms most existing counterparts in the aspect of size, isotropy and efficiency.
IV. PARAMETRIC STUDY AND DESIGN GUIDELINE A. PARAMETRIC STUDY
In this section, a parametric study of the proposed isotropic patch antenna is carried out to further characterize the design. Only one parameter is varied each time, with all the rests fixed at their optimal values as listed in Fig. 4 . The effects of patch dimensions on the antenna performance are studied first. Fig. 9(a), (b) and (c) show the simulated reflection coefficients for different patch lengths, widths and heights, respectively. It can be observed that the resonant frequency shifts downward quickly from 2.56 GHz to 2.34 GHz as a increases from 25 mm to 29 mm, however it is insensitive to the variation of width b. This is because b corresponds to the dimension of non-radiating edge of the patch. The trend of reflection coefficient versus height h is similar to that of a, verifying again that the resonant frequency approximately satisfies the relation of f = c/(4a+2h). It was found in HFSS study that the patch dimension also affects the distribution of radiation power density. For reference, Table II lists the difference between maximum and minimum field strengths over the entire spherical radiation surface. Again, the effect of b is much smaller than that of a and h, as expected. The field strength difference at resonant frequency changes from ∼ 2.3 dB to ∼ 1.4 dB when h decreases from 7.5 mm to 3.5 mm, indicating that a lower profile provides a more uniform radiation. This is due to the fact that the radiation caused by the patch and ground tends to be zero when they are close to each other, minimizing its effect on the isotropic pattern. To further explore the limit of isotropy, three shorted patch antennas with different heights h are designed to operate at ∼2.4 GHz. In each design, the dimensions of patch (a, b) and the location of feeding probe (s) are tuned to optimize the antenna. Fig. 10 shows the simulated reflection coefficients and 3D radiation patterns for the three cases, and Table III summarizes the antenna dimensions, bandwidths, and gain differences. Again, it can be seen that the gain difference decreases considerably from 3.13 dB to 0.91 dB when h varies from 10 mm to 1mm. However, the impedance bandwidth degrades from 8.16% to 0.61% accordingly. The result is reasonable because using a thinner air substrate always gives a narrower bandwidth [18] . Therefore, there is a tradeoff between radiation isotropy and impedance bandwidth. The designer has the flexibility to select the isotropic patch antenna most suitable for the intended application.
Next, the position of feeding probe is investigated and the result is shown in Fig. 11 . Similar to the traditional patch antenna, the feeding position significantly affects the impedance match due to the loading effect of probe. The influence of s on the radiation pattern is also studied. It is found that the gain difference varies slightly from 1.83 dB to 1.90 dB as s increases from 3 mm to 7 mm. The results reveal that s can be used to tune the match after the isotropic pattern is optimized by tuning the patch dimensions.
As discussed above, the small ground-plane plays an important role in obtaining the isotropic radiation pattern. Therefore, the effect of different ground plane side-lengths, e.g. g = 27 mm, 37 mm and 67 mm is investigated in Fig. 12 . As can be seen from the figure, the resonant frequency is 2.44 GHz for the antenna with g = 27 mm, and it moves downwards to 2.23 GHz when g = 67 mm. This frequency shift is caused by the fact that a good image of the patch is obtained when using a sufficiently large ground plane. The height therefore increases to 2h according to the image theory, and the resonant frequency is given by f = c/(4a + 4h). The matching level at resonant frequency also changes with the variation of g, and more importantly, significant changes have taken place in the far filed radiation patterns. Table IV compares the maximum gain, minimum gain, and the difference between them for the three antennas. An isotropic pattern is obtained when using a small ground plane (27mm), with the gain difference given by 1.88 dB. The difference increases significantly as g increasing, and even reaches 24.5 dB when g = 67 mm. In this case, a unidirectional pattern with maximum radiation found near y axis is resulted, and the antenna turns into a normal shorted patch antenna having large ground plane [10] . These results verify again the small ground plane is very essential to the isotropic radiation. It is worth mentioning that the function of the small ground plane is quite different from that in the previous DRA [2] . In the present design, the small ground plane is mainly used to cancel out the radiation of the patch. However, in the previous DRA [2] , the small ground plane was used as an electric dipole and combined with the equivalent magnetic dipole of the DRA to generate quasi-isotropic fields. In brief, the radiation of ground is suppressed in the former and utilized in the latter. 
B. DESIGN GUIDELINE
Based on the parametric study, a simple guideline is given to facilitate the design of the proposed isotropic patch antenna. It is assumed that the design wavelength is λ 0 .
1) Firstly, setting the initial dimensions of the patch as a = b = 0.25λ 0 , and h = 0.04 λ 0 (a larger h can be chosen if wider bandwidth is required). Using a ground plane as large as the patch (g= 0.25λ 0 ). 2) Then, inserting a coaxial probe near the metallic sidewall to feed the antenna. 3) Tuning dimensions of the patch to optimize the isotropic pattern, and adjusting the feeding position for good match.
4) Repeating procedure (3) until satisfying performance is achieved.
V. CONCLUSION
A probe-fed shorted patch antenna with isotropic radiation pattern is investigated in this paper. The antenna uses a small ground plane which has same dimensions with the patch, therefore the radiation caused by the currents on the patch is cancelled out by that comes from the opposite currents on the ground plane. Quasi-TEM mode is excited in the patch cavity, generating surface magnetic current on the openended aperture and electric current on the shorted side-wall. Taking advantage of the inherent properties of the orthogonal electric and magnetic fields (currents), the shorted patch antenna provides an isotropic radiation pattern without using complex feeding circuit. A 2.4-GHz prototype was designed and measured to verify the theory. Uniform radiation with gain difference of 1.95 dB is obtained over the entire spherical radiating surface. It has been found that there is a tradeoff between radiation isotropy and impedance bandwidth. By tuning the height of the patch, an antenna with different bandwidths (from 8% to 0.6%) and gain differences (from 3.1 to 0.9 dB) can be obtained.
